intact animal to the cellular, subcellular, and molecular levels. It is published 12 times a year (monthly) by the American lymphatics, including experimental and theoretical studies of cardiovascular function at all levels of organization ranging from the publishes original investigations on the physiology of the heart, blood vessels, and AJP -Heart and Circulatory Physiology However, basal measurements normalized for the rate-pressure product were similar to those of controls. Calculated oxygen delivery relative to rate-pressure product was higher in the patients [2.2 (SD 0.8) vs. 1.6 (SD 0.4) ϫ 10 Ϫ5 ml O2⅐min Ϫ1 ⅐g tissue Ϫ1 ⅐(beats⅐ mmHg)
Ϫ5

ml O2⅐min
Ϫ1 ⅐g tissue Ϫ1 ⅐(beats⅐mmHg) Ϫ1 in the septum, P Ͻ 0.01]. Hyperemic perfusion measurements in CCHD patients did not differ from controls [LV, 1.67 (SD 0.60) vs. 1.95 ml ⅐ min Ϫ1 ⅐ g Ϫ1 (SD 0.46); septum, 1.44 (SD 0.56) vs. 1.98 ml ⅐ min Ϫ1 ⅐ g Ϫ1 (SD 0.69); RV, 1.56 (SD 0.56) vs. 1.65 ml ⅐ min Ϫ1 ⅐ g Ϫ1 (SD 0.64), P ϭ not significant], and coronary vascular resistances were comparable [LV, 55 (SD 25) vs. 48 mmHg ⅐ ml Ϫ1 ⅐ g ⅐ min (SD 16); septum, 67 (SD 35) vs. 50 mmHg ⅐ ml Ϫ1 ⅐ g ⅐ min (SD 21); RV, 59 (SD 26) vs. 61 mmHg ⅐ ml Ϫ1 ⅐ g ⅐ min (SD 27), P ϭ not significant]. These findings suggest that adult CCHD patients have remodeling of the coronary circulation to compensate for the rheologic changes attending chronic hypoxemia.
heart defects congenital; myocardial perfusion; positron emission tomography; myocardial perfusion reserve IN PATIENTS with cyanotic congenital heart disease (CCHD), infusion of poorly oxygenated blood into the systemic circulation via a right-to-left shunt results in sustained arterial hypoxemia. Arterial hypoxemia accelerates the release of erythropoetin from specialized sensor cells in the renal cortex, which in turn increases the number of circulating red blood cells (erythrocytosis) and the arterial hemoglobin concentration (17, 25) . This adaptive response helps to sustain tissue oxygen delivery, with equilibrium conditions typically being reached at elevated hematocrit levels (42) . Oxygen delivery might also be augmented in the peripheral tissues of CCHD patients by an increase in oxygen extraction (3) . However, this mechanism appears to be of limited utility for the coronary microcirculation, because resting oxygen extraction in the healthy human myocardium is already high and approaches 70% under basal conditions (23) . This suggests that increases in myocardial oxygen demand need to be accompanied by nearly parallel increases in perfusion to sustain aerobic metabolism. Measurements of myocardial perfusion have previously been made in a small number of CCHD patients during cardiac catheterization, using clearance rates of inert gases or iodine-131 iodoantipyrine (51, 53) . These early studies were limited by the methodology used to measure the tracer clearance rates and were further confounded by the need to normalize blood flows to derived estimates of ventricular mass. Moreover, these studies provided information only about global, and not regional, myocardial perfusion.
Erythrocytosis increases whole blood viscosity in a nonlinear fashion (30, 46) . In vivo measurements made with intravital microscopy, for example, indicate that a change in hematocrit from 45% to 65% increases whole blood viscosity by about 60% and nearly doubles microvascular resistance (46) . Because prior clinical reports suggest that marked increases in red blood cell mass might impair myocardial perfusion (27, 61) , it has been proposed that the erythrocytosis in CCHD may be more detrimental than beneficial for some patients. On the other hand, more recent studies indicate that increases in perfusate viscosity are associated with increases in shear stress, which could serve to stimulate circulatory remodeling via several mechanisms, including augmented expression of vascular endothial growth factor and upregulated production of nitric oxide (7, 14, 20, 29, 35, 47, 50, 56, 57) . Circulatory remodeling might benefit myocardial perfusion by increasing the size of existing vessels and stimulating new vessel growth. Prior clinical reports and recent angiographic studies do indicate that the extramural coronary arteries may be dilated in CCHD patients (5, 11, 41) . However, little is known regarding regional tissue perfusion in CCHD patients, either in the basal state or during stress. Accordingly, the goal of this investigation was to compare basal and hyperemic regional myocardial perfusion measurements made noninvasively with positron emission tomography (PET) in adult CCHD patients to those in control subjects.
MATERIALS AND METHODS
Study population.
Fourteen consecutive patients [7 male, age 34.1 yr (SD 6.5)] with echocardiographically confirmed CCHD were prospectively studied (10) . Thirteen had Eisenmenger's syndrome and one had double-outlet right ventricle with pulmonic stenosis. On echocardiography, end-diastolic and end-systolic wall thicknesses averaged 12 (SD 4) and 15 mm (SD 6) in the septum, 10 (SD 2) and 13 mm (SD 3) in the left ventricular (LV) free wall, and 12 (SD 3) and 15 mm (SD 5) in the right ventricular (RV) free wall. Hematocrits averaged 62.2% (SD 4.8) (range: 54.8 -70.8%). Mean hemoglobin was 20.7 g/dl (SD 1.9) (range: 17.8 -23.9 g/dl). All were studied in an iron-replete state, because deficiency results in microspherocytes that increase blood viscosity (22, 34) .
Ten healthy volunteers (9 male), with a comparable male-to-female ratio (P ϭ 0.08, Fisher's exact test) and age [37.8 yr (SD 4.8)], were controls. None had diabetes or hypertension or used tobacco products or sympathomimetic drugs. Each refrained from caffeine or theobrominecontaining foods for 24 h before imaging. Each of the CCHD patients and controls signed an informed consent form approved by the University of California, Los Angeles Medical Center Institutional Review Board.
PET. Baseline and dipyridamole stress dynamic [ 13 N]ammonia perfusion images were obtained using a CTI-Siemens 931/8 tomograph according to previously reported methods (12) . After the patient was positioned in the scanner and a 20-min transmission scan was acquired, basal perfusion images were obtained after the intravenous administration of 15-20 mCi of [
13 N]ammonia. After the physical decay of 13 N, 0.56 mg/kg of dipyridamole was infused intravenously over a 4-min time interval. Stress perfusion images were then recorded following the administration of a second dose of [
13 N]ammonia 4 min after the end of the dipyridamole infusion. Serial basal and stress perfusion images were each acquired for 19 min (12 frames of 10 s each, two frames of 30 s, one frame of 60 s, and one frame of 900 s). Cuff blood pressures and 12 lead electrocardiograms were obtained each minute during stress. Peripheral arterial oxygen saturation was continuously monitored using a pulse oximeter.
The serially acquired [ 13 N]ammonia transaxial image sets were reoriented into short-axis images on a MacIntosh computer workstation using the CALIPSO software package for medical image processing employing previously reported methods (44) . Large regions of interest (ROIs), encompassing about two-thirds of the visualized structure, were assigned on the last frames of the reoriented [
13 N]ammonia short-axis perfusion images to the LV free wall, RV free wall, and septum. Septal regions were drawn to exclude the superior and inferior insertions of the RV myocardium. Regions were assigned on the short-axis images at apical, midventricular, and basal levels. Two 25-mm 2 ROI were assigned on the most basal short-axis images to the RV and LV blood pools. The scanner's spatial resolution did not permit separate definition of RV septal and LV septal myocardium. Decay-corrected time-activity curves from the ROIs were corrected for partial volume using recovery coefficients based on measured echocardiographic wall thicknesses in patients and by the use of normal values according to body surface area in controls (55) . Timeaveraged wall thicknesses were obtained by dividing the sum of the end-systolic and twice the end-diastolic dimensions by three. Recovery coefficients for each thickness were defined by the established performance characteristics of the tomograph (16) .
Septal and LV perfusion measurements were obtained by fitting time activity curves with a two-compartment tracer kinetic model that corrects for blood pool spillover (31, 32) . RV values were calculated by using a modified model, in which spillover is estimated by using a RV blood pool time-activity curve (8) . Perfusion measurements from the apical, midventricular, and basal short-axis slices were averaged for LV, RV, and septum to yield a mean value for each myocardial region for each patient. Hyperemic values were divided by basal measurements to calculate perfusion reserves. In animal studies, the accuracy of the PET measurements has been determined relative to measurements obtained with simultaneously administered radioactive microspheres (4, 6, 8, 32, 38) . The 95% confidence limits are about Ϯ0.33 ml ⅐ min Ϫ1 ⅐ g Ϫ1 for the LV measurements and Ϯ0.57 ml ⅐ min Ϫ1 ⅐ g Ϫ1 for the RV measurements. In human studies, interobserver variability is about 0.04 ml ⅐ min Ϫ1 ⅐ g Ϫ1 for the basal perfusion measurements, 0.17 ml ⅐ min Ϫ1 ⅐ g Ϫ1 for the stress measurements, and 0.36 for the perfusion reserve determinations (13, 39, 52) .
Mean aortic pressures were divided by perfusion values to derive estimates of coronary vascular resistances (15) . The oxygen content of the blood was calculated using the equation: O 2 content (in ml O2/ml of blood) ϭ 1.34 (ml oxygen/g of hemoglobin) ϫ hemoglobin concentration (in g/ml) ϫ the percent arterial oxygen saturation. Oxygen content in the normal volunteers was calculated using the corresponding mean laboratory hemoglobin concentration for males (14.3 g/dl) and females (13.1 g/dl) and the mean normal laboratory arterial oxygen saturation of 98%. Oxygen delivery to the myocardium (in ml O 2 ⅐ min Ϫ1 ⅐ g tissue Ϫ1 ) was calculated by multiplying the oxygen content of the blood by the PET perfusion measurements (expressed as ml blood ⅐ min Ϫ1 ⅐ g tissue Ϫ1 ). Statistical analysis. Means (SD) are reported. Probabilities Ͻ0.05 were considered significant. Data were analyzed using Systat (Systat Software, Richmond CA). Individual paired data were analyzed with the paired t-test. Patients' and volunteers' hemodynamic variables were compared using the unpaired t-test. Basal and hyperemic perfusion measurements and perfusion reserves were compared by region and between groups using analysis of variance, employing the Tukey test to identify intergroup differences. Stepwise linear regression analysis was used to relate the clinical variables and baseline perfusion values to hyperemic measurements, with an alpha level of 0.15. Multivariate linear regression analysis was then utilized to identify the parameters related to the hyperemic perfusion measurements.
RESULTS
Heart rate, blood pressure, and double product. Measurements of heart rate, systolic blood pressure, and rate-pressure product (RPP) were utilized to assess ventricular workloads and thus provide an indirect index of myocardial oxygen demand. Basal heart rates were higher in the patients than in the controls (Table 1) Values are means (SD); n, number of subjects. PET, positron emission tomography; HR, heart rate; BP, blood pressure; MAP, mean arterial pressure; RPP, rate-pressure product; NS, not significant. ⌬ Parameter change from rest to stress. blood pressures were comparable in both groups. During pharmacological stress, patients exhibited no change in systolic blood pressure, whereas it increased modestly in controls (P Ͻ 0.05). Mean basal and hyperemic arterial blood pressures were similar in each group. The patients' RPP were higher at baseline, implying greater ventricular workloads in the basal state. RPP values during stress were virtually identical to the controls, suggesting comparable ventricular workloads. Mean arterial oxygen saturation in the CCHD patients during stress was 86.2% (SD 2.1) and did not differ from that at baseline [83.9% (SD 2.6)].
Basal perfusion measurements and myocardial O 2 delivery.
Measurements were made in 30 LV, 30 septal, and 24 RV ROIs in controls and in 33 LV, 27 septal, and 33 RV ROIs in patients (Tables 2 and 3) . Septal values were not obtainable in one patient with a large ventricular septal defect. Measurements from the apical, midventricular, and basal short-axis ROIs were averaged to give a mean value for LV, RV, and septum in every subject. Control LV and septal values averaged 0.55 (SD 0.09) and 0.49 ml⅐min Ϫ1 ⅐g Ϫ1 (SD 0.09) (P ϭ not significant, Fig. 1) . RV values averaged 0.38 ml⅐min Ϫ1 ⅐ g Ϫ1 (SD 0.09), which were lower than in LV (P Ͻ 0.001) or Hct, hematocrit; Hb, hemoglobin; RV and LV, right and left ventricular myocardium, respectively; septum, interventricular septal myocardium; ASD and VSD, atrial and ventricular septal defects, respectively; Dbl Outl RV/PS, double outlet right ventricle with pulmonic stenosis; Truncus art., truncus arteriosus; TOGV, transposition of the great vessels; Mustard procedure, an operation in which an intraatrial pericardial baffle is created to redirect venous blood to the appropriate ventricle in patients with TOGV. WT, time averaged wall thickness (in mm), from echocardiographic measurements; basal and stress indicate measurements at baseline and during pharmacological stress. septum (P Ͻ 0.05). In the CCHD patients, basal perfusion measurements were comparable in each region and higher than those of controls (Fig. 1) . Myocardial perfusion averaged 0.77 ml⅐min Ϫ1 ⅐g Ϫ1 (SD 0.24) in LV (P Ͻ 0.02 vs. controls), 0.71 ml ⅐min Ϫ1 ⅐g Ϫ1 (SD 0.16) in septum (P Ͻ 0.001), and 0.77 ml ⅐min Ϫ1 ⅐g Ϫ1 (SD 0.30) in RV (P Ͻ 0.001). CCHD patients had significantly higher basal myocardial oxygen delivery than the control subjects in all ventricular regions: WT was estimated from echocardiographic measurements based on body surface area. Fig. 1 . Myocardial perfusion measurements in cyanotic congenital heart disease (CCHD) patients and age-and gendermatched control subjects. Patients had higher basal perfusion measurements than controls in each ventricular region. In CCHD patients, basal perfusion values were similar in each ventricular region. In controls, resting right ventricular (RV) perfusion measurements were lower than those in either the septum (Sept) or the left ventricle (LV). Regional hyperemic perfusion measurements were similar and did not differ between CCHD patients and controls. Within the patient group and within the control group, there were no differences in regional perfusion reserves. Perfusion reserves were greater in controls than in patients in each ventricular region. ] (P Ͻ 0.01). This suggests that the higher tissue delivery of oxygen is not explicable solely on the basis of an increase in ventricular work. Because control RV pressure measurements were not available, and because of the inherent difficulties in estimating RV systolic pressures in patients with ventricular septal defects, a similar analysis for the RV measurements was not performed.
Hyperemic perfusion and flow reserve measurements. Hyperemic perfusion measurements were obtained in 30 LV, 30 septal, and 26 RV ROIs in controls and in 34 LV, 26 septal, and 33 RV ROIs in patients. Apical, midventricular, and basal hyperemic perfusion measurements were again averaged to give a mean value for LV, RV, and septum in every subject. During hyperemia, mean perfusion values increased significantly in both groups ( Fig. 1 Coronary vascular resistances. In controls, estimates of basal RV resistances were higher than those for the LV, 239 (SD 82) vs. 158 mmHg⅐ml Ϫ1 ⅐g⅐min (SD 35) (P Ͻ 0.02). Septal resistances averaged 180 mmHg ⅐ml Ϫ1 ⅐g⅐min (SD 48) and were comparable to RV (P ϭ 0.08) and LV values (P ϭ 0.68). In the CCHD patients, basal resistances were similar in each region. Resistances in LV and septum averaged 118 (SD 38) and 126 mmHg⅐ml Ϫ1 ⅐g⅐min (SD 44) (each P Ͻ 0.02 vs. controls), whereas RV resistances averaged 122 mmHg⅐ml Ϫ1 ⅐ g⅐min (SD 43) (P Ͻ 0.0002). Figure 3 illustrates the coronary vascular resistances during hyperemia. Dipyridamole reduced coronary resistances in controls (P Ͻ 0.0002 for RV, P Ͻ 0.00002 for LV and septum) and patients (P Ͻ 0.0005 for septum, P Ͻ 0.00002 for LV and RV). LV, septal and RV resistances in controls were similar at 48 (SD 16), 50 (SD 21), and 61 mmHg⅐ml Ϫ1 ⅐g⅐min (SD 27), respectively. Regional resistances in patients were similar and comparable to those in controls, averaging 55 (SD 25), 67 (SD 35), and 59 mmHg ⅐ml Ϫ1 ⅐g⅐min (SD 26) in LV, septum, and RV.
Factors influencing hyperemic myocardial perfusion.
Stepwise linear regression analysis was used to examine the relationship between hyperemic perfusion measurements (categorized by gender and myocardial region) and rest and stress heart rates; rest and stress systolic and diastolic blood pressures; rest and stress arterial oxygen saturations; and age, hemoglobin, hematocrit, and average wall thickness. A regression constant and terms for interactions between resting perfusion and heart rate, hematocrit and hemoglobin, and resting oxygen saturation and hematocrit were also used. This analysis identified the regression constant, resting perfusion, resting heart rate, stress systolic blood pressure, rest and stress arterial oxygen saturations, hematocrit and the term allowing for an interaction between resting arterial oxygen saturation and hematocrit as variables to test in a multivariate model. In the multivariate model, the regression constant, resting perfusion (t ϭ 2.7, P Ͻ 0.02), resting heart rate (t ϭ 5.1, P Ͻ 0.0001), stress systolic blood pressure (t ϭ 6.9, P Ͻ 0.00001), and rest (t ϭ 2.1, P Ͻ 0.05) and stress arterial oxygen saturations (t ϭ 3.7, P Ͻ 0.002) were identified as variables influencing hyperemic blood flows.
DISCUSSION
To characterize myocardial perfusion in erythrocytotic adult patients with cyanotic congenital heart disease, basal and hyperemic perfusion measurements in RV, LV, and septum were obtained with PET in 14 adult CCHD patients and compared with those of age-and gender-matched control subjects. The study findings suggest that adult CCHD patients have a compensatory adaptation of their coronary circulation to the rheologic changes accompanying chronic systemic arterial hypoxemia.
Regional perfusion measurements. Basal myocardial perfusion in CCHD patients was similar in the RV, septum, and LV, suggesting comparable regional workloads and oxygen consumption. Because perfusion values were determined per gram of tissue, higher RV values in the patients relative to the controls cannot be explained by larger ventricular masses. Other factors, such as greater RV RPPs or coronary vascular remodeling, may explain these differences. Controls had basal RV values averaging about 69% of those in LV, consistent with a lower RV workload and comparable to values previously reported in awake nonhuman primates (28) . Although septal measurements tended to be smaller than in LV, this did not achieve statistical significance.
Prior invasive measurements in CCHD. Rudolph (51) measured global myocardial perfusion during cardiac catheterization in 24 patients with Fallot's tetralogy, 24 patients with Eisenmenger's syndrome, and 7 "controls" with cor pulmonale. He also identified a relationship between resting myocardial perfusion and arterial oxygen saturation. Basal myocardial perfusion averaged 0.81 ml ⅐ min Ϫ1 ⅐ g Ϫ1 in the patients with arterial oxygen saturations less than 80% and 0.75 ml ⅐ min Ϫ1 ⅐ g Ϫ1 in those with saturations greater than 80%. These values appear smaller than his "control" values of 0.88 ml ⅐ min Ϫ1 ⅐ g Ϫ1 ; however, statistical inferences about the differences are difficult to assess due to the manner in which the data are reported.
Scheuer and colleagues (53) determined myocardial perfusion at rest using iodine-131 iodoantipyrine clearance rates in seven CCHD patients during catheterization. Mean hematocrit of this population was 52.9% (SD 10.4), lower than that in our patients. Mean rest perfusion in his subjects averaged 0.72 ml ⅐min Ϫ1 ⅐g Ϫ1 (SD 0.19), similar to our observations. In eight controls, rest myocardial perfusion averaged 1.02 ml⅐min Ϫ1 ⅐g Ϫ1 (SD 0.28). However, when Scheuer's perfusion measurements are normalized to the tension-time index as an index of oxygen consumption, our analysis of his data indicates that his patients and controls had comparable values.
Comparison of basal myocardial perfusion. Basal septal and LV values were higher in our patients than in controls. In part, this may reflect differences in ventricular work, because values were comparable when measurements were normalized for ventricular workload by dividing by the RPP. However, other factors might also influence myocardial perfusion. For example, vasodilators such as nitric oxide and prostaglandins released in response to the endothelial shear stress provoked by the erythrocytotic perfusate, as well as hypoxia-induced expression of vascular endothelium growth factor, might stimulate microcirculatory remodeling by angiogenesis and vasculogenesis and thereby augment basal perfusion (7, 14, 29, 35, 47, 50, 56, 57) . In addition, structural alterations have been identified in the media of the epicardial coronary arteries and great vessels in CCHD patients (11, 40) . It is conceivable that structural abnormalities might also exist in the smaller vessels in CCHD patients and contribute to vascular dilatation by weakening the vessel wall.
Hyperemic perfusion and perfusion reserves. Hyperemic septal and LV perfusion measurements in controls were slightly lower than values previously reported from our laboratory (12, 15) . In those studies, correction for the partial volume effect was performed by using a fixed recovery coef- ficient (assuming a 1.0-cm wall thickness). In the present study, time-averaged individualized recovery coefficients were used (to permit direct comparison to the CCHD patients with ventricular hypertrophy) and this may account for the observed differences.
Primarily due to lower basal measurements, RV perfusion reserves in controls tended to be higher than in other regions, but this did not achieve statistical significance. The mean RV perfusion reserve of 4.8 (SD 2.1) parallels the mean flow velocity reserve of 5.2 (SD 1.6) reported by Wilson and colleagues (60) for the right coronary artery in response to intravenous dipyridamole. Whereas intracoronary flow velocities differ from PET perfusion measurements, both are linearly correlated (37) . Our control RV perfusion reserves are therefore in general agreement with prior coronary Doppler flow observations.
Hyperemic perfusion measurements and flow resistances in the CCHD patients were comparable to those in controls, suggesting that the patients have a preserved response to pharmacological vasodilatation. In a statistical model, basal perfusion and heart rate, stress systolic blood pressure, and rest and stress arterial oxygen saturations were related to hyperemic perfusion values. It is possible that basal perfusion and basal heart rate may reflect the "set point" of regional tissue oxygen demand and therefore be an indirect determinant of hyperemic perfusion. Also, it is reasonable to consider that stress systolic blood pressure may reflect afterload, a determinant of myocardial oxygen demand, and be related to hyperemic perfusion.
It is intriguing that both rest and stress arterial oxygen saturation were related to hyperemic perfusion. Jagger and colleagues (24) have suggested that the release of ATP from red blood cells in the microcirculation is related to the oxygenation state of hemoglobin. Local release of ATP might provide an additional stimulus for vasodilatation and microcirculatory remodeling beyond that induced by shear stressmediated changes in flow.
Although our study was not designed to elucidate why CCHD patients have preserved hyperemic perfusion, we believe that this may reflect remodeling of the coronary microcirculation. We did not identify any differences in the PETderived indexes of coronary vascular resistance between the CCHD patients and controls. The PET measurements reflect the integrated total resistance to blood flow, and an increase in the rheologic component of resistance attending the erythrocytosis associated with CCHD must be compensated for by a decrease in another resistance component if total resistance is to remain unchanged. Several clinical observations suggest that structural remodeling of the resistance vessels is one mechanism that could compensate for the increased viscosity in erythrocytotic CCHD patients. Normal individuals who live at high altitudes and who are chronically hypoxemic are also erythrocytotic. On postmortem examination of the coronary arterial tree, these individuals have an increase in the number of secondary arterial branches leaving the main coronary arteries and an increase in the number of peripheral ramifications compared with those who dwell at sea level (2) . Similar microvascular changes might therefore be evoked in hypoxic, erythrocytotic CCHD patients. In our CCHD patients, the observation that basal oxygen delivery to the myocardium is preserved (or even enhanced) relative to the rate pressure product as an indirect measure of cardiac work supports the concept of compensatory microvascular remodeling in these individuals. In addition, initial studies in necropsy specimens indicate that measured arteriolar diameters in Eisenmenger's syndrome patients are 27% larger in diameter than in normal subjects (J. K. Perloff, unpublished observations). Further histopathological studies in CCHD patients are currently underway to examine this possibility.
Hyperemic measurements were not directly related to hematocrits or wall thicknesses. This is expected, because blood viscosity reflects not only red blood cell mass (hematocrit) but also plasma viscosity, plasma protein morphology and concentration, aggregation. and dispersion of cellular elements, and red blood cell morphology and deformability (59) . It also is not surprising that perfusion reserves and hyperemic perfusion measurements were unrelated to wall thickness. Because the ventricles in the CCHD patients function against systemic vascular resistances from birth, the increase in mass due to early myocyte replication is accompanied by capillary angiogenesis (49) , which serves to help sustain normal capillary density.
Study limitations. Mean hyperemic perfusion values did not differ statistically between the CCHD patients and the normal volunteers. With the use of the 95% confidence limits of 0.33 ml⅐min Ϫ1 ⅐g Ϫ1 for septal and LV free wall PET perfusion measurements, the present study would detect a difference in group means of 0.47 ml ⅐min Ϫ1 ⅐g Ϫ1 or greater with 90% power. Similarly, using the 95% confidence limit of 0.57 ml ⅐min Ϫ1 ⅐g Ϫ1 for the RV measurements, the present study would detect a difference in the means of the group values of 0.80 ml ⅐min Ϫ1 ⅐g Ϫ1 with 90% power. Thus actual but smaller differences in the group means would not have been considered statistically significant. By way of comparison, mean differences of 0.95 ml⅐min Ϫ1 ⅐g Ϫ1 in hyperemic perfusion measurements have been observed between normals and borderline hypertensive patients (33 Because the spatial resolution of the PET tomograph approximates ventricular wall thickness, it was not possible to determine transmural perfusion gradients. In a canine model, cyanotic dogs had lower subendocardial to subepicardial LV blood flow ratios in the basal state and during pharmacological stress (45) . Subendocardial perfusion might have therefore differed between the groups and remained undetected.
Measuring RV blood flows in normal controls is challenging. The RV free wall is thin, so that recovered counts are disproportionately smaller than in the left ventricle or septum, and image noise increases. In addition, spillover of vascular activity increases as chamber size decreases. Despite partial volume corrections, small-count fluctuations were likely propagated to the perfusion measurements, contributing to the scatter in our control values. Moreover, the reproducibility of the PET RV perfusion measurements has yet to be determined. In the CCHD patients with thickened RV free walls and chamber dilatation, count fluctuations would be less important, so that the accuracy of the RV determinations should approach those of the LV measurements.
Clinical implications. Patients with CCHD are frequently limited in their ability to exercise (19) . Although the factors limiting exercise capacity in CCHD patients remain the object of ongoing clinical investigations, our study indicates that hyperemic myocardial perfusion in these individuals is comparable to that of healthy volunteers. As such, the present investigation does not support the concept that exercise capacity in CCHD patients is diminished by a limitation in achievable hyperemic myocardial perfusion. This contrasts with prior studies in patients with systemic hypertension and ventricular hypertrophy, for example, in which diminished functional capacity appears related to the impairment in myocardial perfusion reserve (1). Rather, prior clinical studies indicate that an impairment in oxygen uptake and reduced ventilatory efficiency are the predominant factors limiting exercise capacity in CCHD patients (19, 54) .
An increase in myocardial mass is common in CCHD. In CCHD patients, this arises in the setting of a gross structural abnormality present from birth that is not genetic in origin. In our CCHD patients, hyperemic perfusion was preserved and comparable to that of controls. This differs significantly from observations made previously in patients with acquired hypertrophy due to hypertensive or valvular heart disease (1, 9, 18, 48) , in which basal perfusion measurements were normal and hyperemic myocardial perfusion and perfusion reserves were decreased relative to controls. Our observations regarding hyperemic perfusion in the CCHD patients more closely parallel those made in those with the hypertrophy of the "athlete's" heart, in which hyperemic perfusion and perfusion reserves are preserved (21, 26) . These observations suggest that there may be significant differences in the pathogenesis and pathophysiology of the increase in ventricular mass between CCHD patients and those with acquired forms of ventricular hypertrophy (hypertensive or valvular heart disease). As such, further investigations appear warranted to elucidate the interrelationships among perfusion, myocyte hyperplasia, myocyte hypertrophy, and oxygen supply/demand, and to define the varying responses of the coronary circulation to an impairment in tissue oxygen supply.
In conclusion, although myocardial perfusion reserve is diminished in adult patients with CCHD, this primarily reflects higher perfusion in the basal state. Calculated oxygen delivery to the myocardium in the basal state is preserved and may even exceed that predicted by a routinely used clinical index of cardiac work, the RPP. Despite the hemodynamic burden imposed by compensatory erythrocytosis, CCHD patients have achievable hyperemic perfusion measurements and coronary vascular resistances during pharmacological stress that are similar to those in normal subjects. These findings suggest a remodeling of the coronary circulation to compensate for the chronic rheologic changes accompanying the systemic arterial hypoxemia in CCHD patients.
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